Objective: Although numerous studies have investigated the effects of single-microphone digital noise-reduction algorithms for adults with hearing loss, similar studies have not been conducted with young hearingimpaired children. The goal of this study was to examine the effects of a commonly used digital noise-reduction scheme (spectral subtraction) in children with mild to moderately severe sensorineural hearing losses. It was hypothesized that the process of spectral subtraction may alter or degrade speech signals in some way. Such degradation may have little influence on the perception of speech by hearing-impaired adults who are likely to use contextual information under such circumstances. For young children who are still developing various language skills, however, signal degradation may have a more detrimental effect on the perception of speech.
INTRODUCTION
A common complaint of individuals with hearing loss is an inability to understand speech in the presence of noise (Kochkin 2000 (Kochkin , 2002 . Numerous studies with hearing-impaired (HI) listeners have reported significant deficits in speech perception in the presence of noise (Finitzo-Hieber & Tillman 1978; Suter 1985) , and the perception of speech in noise has been shown to be particularly difficult for children with hearing loss. In a study designed to determine the speech to noise ratio (SNR) required to score 71% correct, Blandy and Lutman (2005) found that 7-yr-old children required a better SNR (Ϫ4 dB) than a group of adults (Ϫ6 dB), despite the fact that the children had better audiological thresholds. Note that all subjects had thresholds within the normal range. They concluded that the ability to recognize speech in noise is not fully developed by 7 yrs of age. Jamieson et al. (2004) examined the speech intelligibility of young school-aged children in the presence of typical classroom noise. Although all children had some difficulty in understanding speech under these circumstances, the youngest groups (kindergarten and first graders) had considerably more difficulty than the older children. Hall et al. (2002) compared the effects of a speech-shaped masker and a two-talker masker on perception for both adults and school-aged children. Results revealed that the masking effect for the two-talker speech competition was greater in children than that in adults. When a continuous masker was used, results revealed higher thresholds for the two-talker masker than for the speech-shaped noise masker in both groups. However, the magnitude of this effect was greater in the children than that in the adults. Gravel et al. (1999) examined the ability of 20 children with mild to severe hearing loss (age, 4 to 11 yrs) to recognize speech in a background of multitalker competition for two different hearing-aid microphone configurations (omnidirectional and dual-microphone technology). The speech and multitalker competition was presented at 0 and 180 degrees azimuth, respectively. An adaptive procedure was used to estimate the SNR corresponding to 50% correct performance. The SNR was estimated for both words and sentences. Results revealed significant effects for microphone type, speech materials, and age. Specifically, even with directional microphones, the younger children required a more advantageous SNR to achieve the same performance as the older children. Thus, it seems that, to achieve equivalent levels of performance, young children with hearing loss require a better SNR than older children and adults.
An important goal in the design and development of advanced hearing instruments is to improve the SNR. The largest improvements in speech perception in noise have been shown to occur for frequency modulation (FM) systems (Hawkins 1984; Anderson & Goldstein 2004; Lewis et al. 2004; Anderson et al. 2005) . The goal of an FM system is to reduce the negative consequences of noise, distance, and reverberation by placing a microphone close to the talker's mouth and transmitting the signal (via FM) to an ear-level receiver. Although these systems have been shown to improve auditory experiences in nonacademic settings, practical issues (e.g., target signal is restricted to a single talker, talker must wear a microphone, and a lack of SNR improvements for nonprimary talkers) have restricted their widespread use outside the classroom (Boothroyd 2004) .
Directional microphones in hearing instruments have been shown to improve the SNR by as much as 7 to 8 dB for adults (Valente et al. 1995) and by an average of 4.7 dB for 4-to 11-yr-old children with mild to severe hearing losses (Gravel et al. 1999 ). However, the youngest children examined in the study by Gravel et al. required a more favorable SNR to achieve the same performance as older children. In addition, directional microphones may limit the ability to "overhear" conversations, impede self-monitoring of speech, and pose a safety risk if environmental sounds cannot be detected and localized (McCreery 2008) . Although adults typically solve these problems by selecting a directional microphone configuration only when listening in noise, young children may not be able to make these decisions reliably (Ricketts & Galster 2008) . Despite continued improvements in directional microphone technology, it has been noted that their ability to improve SNR is diminished in reverberant environments when the source and noise are not spatially separated or when multiple noise sources exist (Greenburg & Zurek 1992; Ricketts 2000; Ricketts & Hornsby 2003; Woods & Trine 2004) .
Although various forms of noise reduction (NR) have been available in hearing aids for many years (Graupe et al. 1987; Fabry 1991) , initial improvements for speech perception in noise were typically minimal (Tyler & Kuk 1989; Fabry & Van Tasell 1990) . The introduction of digital signal processing provided a means to implement complex algorithms in real time. When spectral and temporal characteristics of the interfering noise are predictable and can be clearly characterized, NR can be quite effective at improving the SNR. In hearing-aid applications in which characteristics of both the signal and noise are unknown and time varying, improving speech perception through NR is more challenging (Levitt 2001; Chang et al. 2007) . Assuming that the target signal is speech, interfering signals may be random noise, another talker, or multiple talkers. Currently, the most common methods of NR use some variation of either spectral subtraction or an assessment of SNR in each band followed by gain reduction. In the former method, the noise spectrum is estimated during pauses between words and is then subtracted from the noisy speech spectrum in either the time domain or frequency domain. In the latter method of NR, the first stage is to determine the SNR within each frequency band. Stationary signals are interpreted as noise, whereas modulated signals are assumed to be speech. Gain reductions are then applied according to predetermined tolerable SNR values in each band. Across various NR systems, many different parameters (e.g., number of bands, time constants, and filtering techniques) can be manipulated at each stage. In general, the ability of these systems to detect the presence of noise is quite good. To separate speech from noise without altering the signal of interest, however, is much more challenging. Studies with adults have shown significant improvements in speech perception when the noise is restricted to a narrow frequency region (van Dijkhuizen et al. 1991; Rankovic et al. 1992) . When the long-term spectra of the target signal and noise are similar, most studies have failed to show improvements in speech perception (Levitt et al. 1993; Boymans & Dreschler 2000; Alcantara et al. 2003; Natarajan et al. 2005; Bentler et al. 2008) . Kates (2008) reported that, in cases where speech and noise overlap in frequency, speech is likely to be attenuated by spectral subtraction. Because young children require a better SNR to achieve performance equal to that of adults (Stelmachowicz et al. 2000; Picard & Bradley 2001; Bradley & Sato 2008) , a reduction in the level of speech may impair speech perception in noise.
Despite a lack of improvement in performance, numerous studies have shown an improved comfort, a decreased listening effort (Jamieson et al. 1995; Boymans & Dreschler 2000; Walden et al. 2000) , and an improved perceived signal quality when NR is used (Arehart et al. 2003; Ricketts & Hornsby 2005) . Hochberg et al. (1992) studied the influence of singlemicrophone NR on phoneme recognition in normal-hearing (NH) listeners and cochlear implant users. NR had no effect on performance for either group at high SNRs, but a significant improvement in performance was observed at poorer SNRs for the implanted group only. These results suggest that studies of NR should include a range of SNRs to fully examine potential benefits or degradation. Jamieson et al. (1995) evaluated the effectiveness of an adaptive Wiener filter digital NR algorithm* (Wiener 1949) for six adults with sloping sensorineural hearing losses. Two types of speech materials (spondees and nonsense syllables) were presented in broadband noise and in multitalker babble. Results revealed either no improvement or a slight decrease in performance with NR processing. Mean performance for nonsense syllables in multitalker babble decreased by 12%, but this difference was not statistically significant. Error analyses revealed that NR processing tended to increase confusions for consonant place of articulation. Interestingly, for continuous discourse in a paired-comparison task, all listeners indicated a strong preference for NR in most listening conditions. Hu and Loizou (2007a) evaluated the intelligibility of sentences and nonsense syllables processed by eight different NR algorithms. Stimuli were presented in four different types of noise at 0 and 5 dB SNRs. The only notable finding was significantly better performance for sentences in one of the eight conditions (car noise at 5 dB SNR) with the Wiener-type algorithm.
Although studies have not been conducted with HI children, Marcoux et al. (2006) modeled the effects of NR on language development by evaluating preverbal language acquisition of non-native speech contrasts in noise with two groups of English-speaking NH adults. One group listened to speech signals processed with NR while the other heard unprocessed signals. No significant differences in performance were observed between the two groups, suggesting that NR did not degrade the acquisition of novel speech contrasts.
To date, no studies have directly investigated the effects of NR for children with hearing loss. There are many factors to consider when determining how such algorithms might influence auditory access and perceptual learning in young HI children. It has been argued that the amplification needs of infants and young children differ from those of adults who generally acquire hearing loss later in life (Stelmachowicz 1991; Seewald et al. 1996; Boothroyd 1997) . For children with hearing loss, amplification must facilitate the development of early auditory skills, laying the foundation for the extraction of regularities in the speech signal and the development of language.
The measured efficacy of a specific processing scheme may vary depending on the language skills of the listener and the *An adaptive Wiener filter is a commonly used statistically based approach to reduce the amount of noise present in a signal by comparison with an estimation of the desired noiseless signal. outcome measures used. Although previous studies with adult listeners have revealed that NR does not improve or impair speech recognition in noise, it is possible that modifications of acoustic speech cues from NR may have a negative impact on speech perception for young HI children. For example, Hu and Loizou (2007b) reported that, in some cases, the algorithms that were found to perform the best in terms of overall quality were not the same algorithms that performed the best in terms of speech intelligibility. They suggested that improvements in quality might be accompanied by a decrease in intelligibility caused by the distortion of speech as a result of excessive suppression of the noise ϩ speech signal.
Furthermore, certain aspects of NR processing may actually have a negative impact on speech perception when contextual information is limited. For example, a specific NR algorithm may be of optimal benefit only for children who have learned to use context to support speech perception under adverse listening conditions. Because of the inherent redundancy of conversational speech, potential degradation of the signal may have little influence on speech perception for adults with postlingual hearing loss, but may be detrimental to infants and young children who are still in the process of developing speech and language skills. It is for these reasons that NR is not routinely recommended when fitting hearing aids to infants and young children.
To derive a clear picture of the effects of NR for HI children, it may be useful to approach the problem from a developmental perspective. Thus, the goal of this study was to determine the influence of an NR scheme (i.e., modified spectral subtraction) on the perception of speech in noise for 5to 10-yr-old children with mild to moderate hearing loss using stimuli that vary in terms of contextual information. These results, in conjunction with individual measures of receptive vocabulary, may allow us to speculate on the influence of NR on speech perception in noise at various stages of vocabulary acquisition and to provide insight into the effectiveness of these signal processing techniques for infants and young children with hearing loss.
SUBJECTS AND METHOD

Subjects
Sixteen children with mild to moderately severe hearing loss (no thresholds Ͼ75 dB HL in the better ear) participated in this study. Group 1 consisted of eight 5-to 7-yr-olds (mean age, 6.5 yrs; SD, 0.59) and group 2 consisted of eight 8-to 10-yr-olds (mean age, 9.2 yrs; SD, 0.64). These two age groups were included to assess the effects of development on the perception of speech materials with varying degrees of contextual information. Figure 1 shows mean better ear auditory thresholds as a function of frequency. The Bankson-Bernthal Quick Screen of Phonology (Bankson & Bernthal 1990 ) was used to identify children with speech production errors that would influence scoring. Children with multiple production errors were not included in this study. However, children with a few consistent production errors (e.g., always substituted /f/ for /T/) were included in this study, and the errors were documented to facilitate appropriate scoring. To estimate the language age of each child, the Peabody Picture Vocabulary Test (PPVT-III, Form B; Dunn & Dunn 1997) was administered. The mean language age of group 1 was 7.15 yrs (SD ϭ 1.14) and the mean language age of group 2 was 9.67 yrs (SD ϭ 2.0). Two children (ages 7 and 9 yrs, respectively) received below average standard scores on the PPVT-III, whereas three children (ages 5, 9, and 10 yrs, respectively) had scores Ͼ2 SDs above the mean for their chronological age. In general, the majority of these children with mild to moderate losses had age-appropriate vocabulary skills as measured by the PPVT-III.
Hearing Instruments and Signal Processing
All participants wore binaural Starkey Destiny (Model 1200) behind the ear hearing aids modified to perform only amplitude compression and NR. † With these devices, NR is carried out in the frequency domain using a modified spectral subtraction algorithm that compares ongoing input spectrum levels with an estimated noise level to minimize the effect of other processing (e.g., directional microphones). A voiceactivity detector is used to detect the speech and stop the noise estimation process. NR processing was performed independently in 16 bands with center frequencies spaced 500 Hz apart up to 7500 Hz. Band levels were computed every 0.5 msec and smoothed with a phonemic-scale time constant ‡ before comparison with the estimated noise level. Bands with levels equal to or less than their estimated noise level were attenuated by 6 dB. Bands with levels 6 dB or more above the estimated noise level were unaltered (i.e., received 0 dB attenuation). For bands with levels between these ranges, the amount of attenuation gradually decreased in a sigmoidal manner from 6 to 0 dB. †Although the form of NR in this study (i.e., rapid gain changes acting independently across frequency and driven by input signal statistics) would likely not differ across hearing aids, we note that the specific implementation used here is not present in any current Starkey or other hearing aids. In addition to variations in specific parameter values (e.g., frequency analysis bandwidths or maximum attenuation) across implementations, marketed aids also typically use control logic to turn on NR only in certain situations, or to change the parameters of the NR across situations. Our test case-a steady state noise at a moderate level-is a situation in which NR would be applied typically. See related text in the Discussion section.
‡A phonemic time scale is a compromise between too fast (which creates artifacts) and too slow (which decreases the amount of NR that can be achieved). Eight-channel, slow-acting compression gain (20-msec attack, 2-sec release) was computed before and applied after the NR gain was computed and applied. Thus, output levels with NR-on condition were always at or below output levels with NR-off condition.
Hearing Aid Fitting
For each subject, the hearing aids were set to targets based on the Desired Sensation Level (DSL m i/o v.5.0) algorithm (Scollie 2005; Seewald et al. 2005) using Noah-Link and research fitting and communication software (Polymorphic Engineering Communications Software) from Starkey Laboratories. To ensure adequate audibility of test stimuli across frequency, real-ear verification was completed using the Audioscan Verifit probe-microphone system. When necessary, further adjustments were made using the PECS software.
Stimuli
Test stimuli were 15 vowel-consonant-vowel (VCV) nonsense syllables constructed by combining 15 consonants (/p, b, t, d, k, g, l, r, m, n, s, z, ͐, f, v/) with the vowel /a/ § 90 monosyllabic words from the Phonetically Balanced Kindergarten List (PBK; Haskins, Reference Note 1) and 90 meaningful sentences (Bamford-Kowal-Bench), each with three key words (Bench et al. 1979) . VCVs were used to minimize omissions that are expected for consonant-vowels and vowelconsonants. The PBK words were obtained from recordings (female talker) developed at Brigham Young University (Harris, Reference Note 2). The VCVs and sentences were spoken by two different female talkers and digitally recorded in a sound booth using a condenser microphone (AKG Acoustics C535 EB) with a flat response (Ϯ2 dB) from 0.2 to 20 kHz. Speech tokens were amplified (Shure M267) and sampled at a rate of 44.1 kHz with a quantization of 16 bits. Stimulus files were scaled to 65 dB SPL at the calibrated position in the sound booth.
Procedures
Before presentation, test stimuli were mixed with speechshaped noise at the three SNRs (0, ϩ5, and ϩ10 dB). These SNRs were selected to represent conditions that are typically encountered by school-aged children. Poorer SNRs were not used in this study because NR algorithms typically are not designed to operate at negative SNRs (Loizou 2007, chapter 11) . To engage NR, a 30-sec noise-only precursor was presented before each speech-plus-noise stimulus set. Stimuli were presented via a single loudspeaker at zero-degree azimuth in the sound field. The presentation order of the NR-on and -off conditions was counterbalanced across subjects. Each nonsense syllable was heard six times (2 NR conditions ϫ 3 SNRs). To ensure that no subject heard the same word or sentence tokens more than once across the three SNRs, the 90 words and 90 sentences items were divided into six different stimulus sets using a Latin Square design.
An examiner in the adjacent control room initiated stimulus presentations. For all children, the order of presentation was nonsense syllables, words, and sentences. There were a total of 270 presentations per subject (90 presentations each of VCVs, PBK words, and Bamford-Kowal-Bench sentences). Nonsense syllables were presented in a closed-set format with the 16 choices (15 consonants and an "other" category ¶) displayed on a touch-screen monitor. Children were instructed to repeat each VCV and, in most cases, a second examiner (seated next to them) marked their responses. Some of the older children used the touch screen or mouse to mark their own responses. Collapsed across SNR and NR conditions, the category "other" was chosen only 5 and 1% of the time by the 5-to 7-and 8-to 10-yr-olds, respectively. For words and sentences, the children repeated what they heard. In cases in which a child was inattentive or vocalizing during stimulus presentation, the test item was repeated once. If a response was unclear, the two examiners conferred to make a decision or the child was asked to repeat his/her response. Nonsense syllables were scored as correct or incorrect based on the consonant only. Words were scored as either correct or incorrect, and sentences were scored as correct only when all the three key words within each sentence were correct. Visual reinforcement was given immediately after each response. For example, each response might be followed by the removal of a puzzle piece on the screen to display an interesting visual image. This feedback was not contingent upon correct responses but was used only to maintain interest in the task.
RESULTS
To examine the effects of NR on speech recognition, factorial analysis of variance was conducted with stimuli (nonsense syllables, words, and sentences), SNR (0, ϩ5, and ϩ10 dB), and NR condition (on and off) as within-subjects factors and age group (5 to 7 yrs, 8 to 10 yrs) as a betweensubject factor. All percent correct scores were converted to rationalized arcsine units (Studebaker 1985) before statistical analyses to normalize covariance as a function of percent correct. For each reported analysis, Mauchly's test of sphericity was conducted, and Greenhouse-Geisser-adjusted values were used if the assumption of sphericity was violated. The only variable that reached significance (p Ͻ 0.05) on Mauchly's test (1940) (indicating that the assumption of homogeneity of variance was violated) was SNR. Therefore, the main effect of SNR was tested using Greenhouse-Geisser correction. Figure 2 shows the mean percent correct performance and standard deviations for nonsense syllables, words, and sentences in the NR-off (filled bars) and NR-on (open bars) conditions for the two age groups (left and right columns) at 0, ϩ5, and ϩ10 dB SNR. As expected, performance improved as a function of SNR for all three speech materials, although the changes from ϩ5 to ϩ10 dB were minimal for the older group. As might be expected, SDs for the younger group were larger than that for the older children. §The vowel a was selected, because it was used in previous studies of consonant confusions with adults (Miller & Nicely 1955 ) and children (Neuman & Hochberg 1983) . ¶In previous studies, we have found that young children will occasionally respond with a phoneme that is not part of the stimulus set. To document these instances, we elected to include an "other" category. In the analysis of both overall performance and phonetic features, "other" responses were assumed to be incorrect.
Noise Reduction
The main effect for NR was not significant (F 1,14 ϭ 0.866; p ϭ 0.362; p 2 ϭ 0.060), suggesting that the addition of NR did not have negative or positive effects on average speech recognition in noise. The main effect for stimulus type was significant (F 2,28 ϭ 137.96; p Ͻ 0.001; p 2 ϭ 0.908). Post hoc comparisons of stimulus type using Bonferroni-adjusted alpha levels of 0.017 (0.05/3) indicated that speech recognition was higher for sentences than that for both nonsense syllables and words. However, there were no significant differences in performance between nonsense syllables and words. In addition, no significant effects of NR on speech recognition were observed for the two-way interaction between NR and stimulus type (F 2,28 ϭ 0.365; p ϭ 0.697; p 2 ϭ 0.025), refuting the hypothesis that the efficacy of the NR algorithm in this study is dependent on language skills of the listener.
The main effect for age group was significant (F 1,14 ϭ 6.897; p ϭ 0.020; p 2 ϭ 0.330), suggesting that the 8-to 10-yr-olds exhibited higher speech recognition scores in noise than the younger group. However, the two-way interaction between NR and age group was not significant (F 1,14 ϭ 0.132; p ϭ 0.722; p 2 ϭ 0.009) indicating that NR did not have a differential effect on performance for the two age groups. As expected, speech recognition varied significantly as a function of SNR (F 1.5,20.3 ϭ 56.164; p Ͻ 0.001; p 2 ϭ 0.800). Post hoc comparisons of stimulus type using Bonferroni-adjusted alpha levels of 0.017 (0.05/3) indicated that speech recognition followed the predicted pattern with the highest performance at ϩ10 dB SNR, followed by ϩ5 and 0 dB. The NR algorithm used in this study was designed to provide a consistent amount of gain reduction regardless of SNR. The observed nonsignificant two-way interaction between NR and SNR (F 1,14 ϭ 0.866; p ϭ 0.362; p 2 ϭ 0.060) is consistent with the design of this NR algorithm. The two-way interaction between age group and stimulus was not significant (F 2,28 ϭ 0.322; p ϭ 0.727; p 2 ϭ 0.022), suggesting that the pattern of performance across stimulus type with sentences and nonsense syllables being higher than words was the same for both age groups. None of the higher order (three-way and four-way) interactions involving NR were significant.
Significant variability in speech recognition across conditions and age groups resulted in several effects that were not statistically significant, but were large enough on an individual basis that such trends might influence a clinician's decision to use NR for a particular child. For example, although the three-way interaction between age, stimulus type, and NR was not statistically significant (F 2,30 ϭ 2.34; p ϭ 0.115; p 2 ϭ 0.13), more than half of the 5-to 7-yr-olds had decreased recognition for words in the NR-on condition compared with the NR-off condition. To examine the effects of NR for individual listeners, Figure 3 shows the effects of NR on the perception of nonsense syllables, words, and sentences for the 5-to 7-yr-olds (left side) and the 8-to 10-yr-olds (right side). Within each age group, subjects are ordered by age in Figures  3 and 4 . Because the effects of NR as a function of SNR were not statistically significant, data were collapsed across the three SNRs. Results for each subject are displayed as a vertical line representing the change in speech recognition from NR-off to NR-on condition. Upward arrows indicate an improvement in performance with NR on and the downward arrows show decrements in performance with NR on. The length of the vertical bars shows the magnitude of change and squares indicate cases where there was no change in performance across the two NR conditions. The bolded arrows indicate cases where the performance differences across the two NR conditions fell outside the 95% confidence interval for all 16 HI subjects. Note that some subjects improved with NR-on condition, whereas others performed more poorly. As might be expected, individual variability was greater for the 5-to 7-yr-olds than for the 8-to 10-yr-olds for all the three types of speech materials. Performance for words and nonsense syllables showed greater variability than sentences.
Nonsense Syllable Data
Relatively large individual differences were observed, particularly for the youngest age group. Specifically, three of the eight 5-to 7-yr-olds demonstrated a statistically significant decrease in performance for nonsense syllables, whereas only two children showed statistically significant improvements. Interestingly, the children with the highest performance in the NR-off condition showed a decrease in performance with NR-on condition, whereas children with the poorest performance with NR off showed an increase in performance with NR engaged. For the oldest group, two of the eight children showed significantly better performance with NR on, whereas two other children showed significantly poorer performance.
Despite the lack of a significant main effect for NR, further examination of the nonsense syllable data revealed relatively large effects of NR for specific consonants, particularly at the poorest SNR (0 dB). Hu and Loizou (2007a) suggested that a feature analysis of consonant confusions can provide valuable information to help identify the weaknesses of current NR algorithms and thus facilitate the design of better processing schemes. In fact, they argue that for an NR algorithm to improve speech intelligibility for adults, it would need to improve place and manner feature scores. Thus, additional analyses were conducted to examine errors for the two age groups in terms of phonetic features (place, manner, and voicing). For this analysis, three feature values (see Table 1 ) were assigned to each of the 15 consonants. Using this coding scheme, each subject's responses for each phoneme were analyzed separately for accuracy of consonant place, manner, and voicing features.
The within-subjects effects of NR and SNR on phonetic feature (place, manner, and voicing) were examined using multivariate analysis of variance. The effect of NR on the combined dependent variable of phonetic feature was not significant (F 3,13 ϭ 1.58, p ϭ 0.243, Wilks' ϭ 0.733, p 2 ϭ 0.026), suggesting that, on average, NR did not systematically affect the accuracy of place, manner, and voicing perception. The overall lack of improvement or decrement in speech recognition with NR in this study is consistent with the above-mentioned predictions of Hu and Loizou (2007a) . The effect of SNR on the combined dependent variable of phonetic feature was significant (F 6,56 ϭ 3.12; p ϭ 0.013; Wilks' ϭ 0.562; p 2 ϭ 0.237). Analysis of each dependent variable using a Bonferroni-adjusted alpha level of 0.017 showed that the accuracy for place (F 2,30 ϭ 6.95; p ϭ 0.003; p 2 ϭ 0.317), manner (F 2,30 ϭ 5.20; p ϭ 0.011; p 2 ϭ 0.258), and voicing (F 2,30 ϭ 4.67; p ϭ 0.017; p 2 ϭ 0.238) decreased with SNR. This result is consistent with the main effect for SNR, which showed that VCV recognition scores decreased with SNR. Figure 4 shows the feature analysis results for individual subjects as a function of SNR for the 5-to 7-and 8-to 10-yr-olds. Place, manner, and voicing are shown in the top, middle, and lower panels, respectively, and the various symbols have the same meaning as in Figure 3 . The gray shaded regions in each panel show the 95% confidence intervals for two comparable groups (5 to 7 and 8 to 9 yrs) of NH children (N ϭ 72) from a study by Nishi et al. (2009) . Note that the test stimuli and procedures related to the perception of nonsense syllables were identical across the two studies, except that 10-yr-olds were not included in the previous study. With the exception of one 6-yr-old child (denoted by asterisks), performance for the children with hearing loss was quite good at 5 and 10 dB SNR, often approximating that of the NH group. Further inspection of the individual data revealed that this participant had poorer hearing sensitivity in the high frequencies than any other participant (better ear thresholds of 75 and 65 dB HL at 4 and 8 kHz, respectively). Although this child had little difficulty in producing speech sounds on the Bankson-Bernthal Quick Screen of Phonology (which is a picture naming task), in the experiment, he was not able to correctly identify any of the five fricatives (/s, z, ͐, f, v/), regardless of SNR or NR condition. It should be noted that DSL target values in the high frequencies could not be achieved for this child. Thus, as is often the case with moderate to severe high-frequency hearing loss, audibility of the fricative class was most likely limited to only the peak energy of highamplitude fricatives (e.g., /s, ͐, z/), which may not be sufficient to support fricative identification in noise. Table 2 , cases where the error rate was Ͼ50% are shown as a function of SNR for both age groups. Specific errors for a target consonant are shown in parentheses in order of frequency of occurrence. Note that, for a subset of consonants (/r/ at 0 and 5 dB [5 to 7 yrs]; /b/ at 0, 5, and 10 dB and /r/ at 0 dB [8 to 10 yrs]), even though error rates differed across the two NR conditions, the most common confusions were the same. In these instances, it is likely that the noise (as opposed to NR processing) was most likely responsible for the observed errors. However, for other consonants, error rates or error patterns differed for the two NR conditions. Collapsed across age, the error rates for NR-on and -off conditions were equivalent for only one of the 10 comparisons, NR-on condition was better than NR-off for four of the 10 comparisons, and Fig. 4 . Nonsense syllable data (collapsed across SNR) analyzed in terms of place, manner, and voicing for the two age groups. Line length, arrows, and subject order by age follow the convention noted in Figure 3 . Shaded region shows the 5 to 95th percentile for the total group. NR-on was poorer than NR-off for five of the 10 comparisons. When collapsed across age group, SNR, and NR conditions, the most frequent errors were /v/ confusions for /b/ and /l/ confusions for /r/. Errors for the consonant /r/ were present at all the three SNRs for the youngest group, but occurred only at 0 dB for the older children. Furthermore, the confusions for /r/ were highly variable across both SNR and NR conditions, suggesting that children may have been guessing randomly.
Error patterns • In
The results for /b/ can be compared with data from Miller and Nicely (1955) for their conditions most comparable with those in this study (0 and ϩ6 dB SNR). Interestingly, although they also found that the most common error for /b/ was /v/, error rates were substantially lower than in this study. They reported that /b/ was heard as /v/ only 11% of the time at 0 and ϩ6 dB SNR. Collapsed across age in this study, /b/ was heard as /v/ 56% of the time at both 0 and ϩ5 dB SNR and 37.5% of the time at ϩ10 dB SNR. Numerous methodological differences across studies may explain the divergent error rates. Miller and Nicely used noise with a flat spectrum, whereas speech-shaped noise was used in this study. Thus, the higher proportion of /v/ responses in this study may be due to the fact that low-frequency energy in the speech noise obscured the acoustic cues for /b/ for which the primary spectral energy is also low. However, Cutler et al. (2004) , who also found /v/ to be the most common error for /b/ at 0 dB SNR, reported error rates of only 5% (CV) and 15% (VC), despite the fact that speech-shaped noise was used in their investigation. In both these previous studies, participants were NH adults compared with 5-to 10-yr-old children with hearing loss in this study. Numerous studies have reported that young children exhibit greater difficulties understanding speech in noise compared with adults (Fallon et al. 2000; Hall et al. 2002; Litovsky 2005; Wightman & Kistler 2005; Johnstone & Litovsky 2006 ) and that children with hearing loss exhibit more difficulties in noise than children with NH (Finitzo-Hieber & Tillman 1978) . Another methodological difference is that the stimuli in this study were processed by hearing aids before presentation.
Acoustic analyses • To examine the effects of NR processing on the /b/ -/v/ confusion from an acoustic perspective, the Starkey Destiny hearing aid was programmed to provide appropriate gain in accordance with the mean audiogram shown in Figure 1 . The hearing aid was coupled to a 2 cm 3 coupler (Frye MZ-3) that terminated with a 1 ⁄2-inch microphone and was placed in a test chamber (Fonix 6500). Stimuli were presented to the test chamber and recorded using customized software. Figure 5 shows a series of spectrograms for /b/ (left) and /v/ (right) in three conditions with a partial view of the adjacent vowels. The top row shows spectrograms (in quiet) before hearing-aid processing. Note that the silent gap and the release burst for /b/ are clearly visible. Row 2 shows hearing-aid processed signals in a background of speechshaped noise (at 10 dB SNR) with NR off. Despite the favorable SNR, after hearing aid processing the silent gap and the release burst are obscured by noise. Row 3 shows similar results with NR on. Although the magnitude of noise is markedly reduced with NR on, there is no clear distinction between /b/ and /v/ in the two spectrograms. It is important to note that these observations should be interpreted with caution, because it is known that there are numerous other cues to distinguish between /b/ and /v/ and the ability to visualize specific acoustic characteristics in a spectrogram may not necessarily correlate with perception.
Performance for Words and Sentences
Interestingly, half of the children in the youngest group demonstrated significantly poorer performance for words in the NR-on condition, whereas only one child showed a significant improvement in performance. Interestingly, this child's performance in the NR-off condition was quite poor (40%). In the older group, performance for words was relatively high in both the NR conditions and the differences between the two NR conditions were relatively small.
When sentence materials were used, error rates were relatively low for both age groups, suggesting that when lexical, semantic, and syntactic context are available, the negative effects of NR processing are minimal (even for the youngest age group). In general, changes in sentence performance with NR on were smaller than those observed for nonsense syllables and words. The ceiling effects observed for sentences in the older group were expected and are consistent with our hypothesis that, as children mature, their ability to use semantic and syntactic context will facilitate speech perception in noise.
DISCUSSION
Overall, the results of this study suggest that the effects of NR-on speech perception for children as young as 5 yrs of age may be similar to those reported for adults. As described previously, studies with adults have shown no improvement, but no degradation in performance. However, it is more difficult to speculate on whether NR would be appropriate for younger children or at what chronological or language age NR should be implemented. It is unlikely that this type of study could be successfully completed with younger children because of their limited attention span and the likelihood that the production errors would complicate interpretation of results. However, it is encouraging that no significant differences were observed across NR conditions for nonsense syllables, words, or sentences for either age group. In this study, the highest errors occurred for /f/, /g/, /b/, and /r/ in which /f/ was most often confused with /t/, /g/ was confused with /d/, /b/ was confused with /v/, and /r/ was confused with /l/ and /v/. It is important to note that /f/ -/t/, /b/ -/v/, and /r/ -/v/ distinctions would be highly visible on the lips, whereas /r/ -/l/ and /g/ -/d/ would be indistinguishable. Thus, in typical conversation, young children may be able to use visual cues to supplement acoustic information degraded by noise. However, it is not known to what degree young children rely on visual cues to clarify consonant confusions in adverse listening conditions.
Although not addressed in this study, as noted previously, studies with adults have found a preference for NR on versus NR off in terms of sound quality or listening effort (Jamieson et al. 1995; Boymans & Dreschler 2000; Walden et al. 2000; Hu & Loizou 2007b; Sarampalis et al. 2009 ). If this were also found to be the case for young children, a decrease in listening effort might improve attentiveness or increase time on task under adverse listening conditions. To date, the effects of NR on attention and listening effort in children have not been directly evaluated.
When interpreting the results of this study, it is important to note several potential weaknesses or limitations. The design of the study was limited by the attention span of the youngest participants (5 yrs). Because each child heard a large number of test stimuli (270), it was not feasible to include multiple talkers or multiple repetitions of the nonsense syllables. However, as can be seen in Table 2 , the most commonly observed errors were consistent across subjects and conditions, suggesting that the results would be representative of the target group in this study. In addition, it is possible that factors such as age of identification, age of amplification, and consistency of hearing aid use may influence the ability to understand speech in noise. Specifically, high quality and consistent auditory experiences in early childhood are likely to establish a solid foundation on which children can develop strategies to maintain relatively high performance in noise. The potential influence of these factors was not investigated in this study. Finally, the majority of children in this study had hearing losses in the mild to moderate range. It is likely that any negative effects of NR might be greater for children with severe to profound hearing loss because of limited audibility. It has been well established that reduced frequency selectivity and a loss of cochlear nonlinearities increases as a function of degree of hearing loss (Horst 1987; Moore 1996; Oxenham & Bacon 2003) . Thus, for children with poorer hearing sensitivity, cochlear damage may impair the ability to understand speech in noise to a greater extent than that observed for children in this study. In fact, some evidence in support of this concern is provided by data from the 6-yr-old child who had poorer hearing sensitivity in the high frequencies than any other participant (better ear thresholds of 75 and 65 dB HL at 4 and 8 kHz, respectively). Although this child had little difficulty producing sounds on the Bankson-Bernthal Quick Screen of Phonology (which is a picture naming task), in the experiment, he was not able to correctly identify any of the five fricatives (/s, z, ͐, f, v/), regardless of SNR or NR condition. As noted previously, DSL target values in the high frequencies could not be achieved for this child. Thus, as is often the case with moderate to severe high-frequency hearing loss, audibility of the fricative class was most likely limited to only the peak energy of highamplitude fricatives (e.g., /s, ͐, z/), which may not be sufficient to support fricative identification in noise. As can be seen in Figure 4 , marked reductions in performance with NR processing occurred only at 0 dB SNR for this child. At 5 dB SNR, performance increased markedly, and at 10 dB SNR, minimal differences were observed between the NR-on and -off conditions.
The primary motivation for this study was that, with any single-microphone NR algorithm of this form, the gain reduction used to create the perceived NR may also reduce the audibility of speech energy. Although our group data show no adverse effects of the implemented version of NR, several variables will influence the applicability of our results in general. These include (1) the maximum amount of NR implemented, (2) the level of the input signal relative to the user's absolute threshold, and (3) the user's residual dynamic range of hearing. For instance, it is generally the case that increasing the magnitude of NR also increases the amount of speech attenuation and the audibility of possible artifacts. Our use of a 6 dB maximum attenuation reflects a certain compromise among these effects. As for the second and third variables, although limited speech attenuation may not affect performance when the output speech is already well above the user's threshold, this same attenuation may limit audibility when output speech is near or just above threshold, as is the case when input levels are low. However, it is also the case that, for the low-level speech to be audible with NR off, any accompanying noise must also be at a low level. In such cases, NR would likely not be applied because the noise is already at a low level and thus would not be perceived as disturbing. The constraints represented by the third variable are related to those of the second variable, in which a reduced dynamic range (typically caused by relatively high absolute thresholds) may put even high-level input sounds near a user's threshold. Thus, an "aggressive" NR setting (i.e., one with high maximum attenuation) may yield usable performance for a user with mild hearing loss while making much speech energy inaudible for someone with a moderate to severe loss. In the latter case, the NR would either not be used or used with a less aggressive setting. Finally, it is important to note that the results of this study would not necessarily apply to alternate NR algorithms.
CONCLUSIONS
The overall goal of this study was to determine whether a common form of NR used in hearing aids (modified spectral subtraction) may have a detrimental effect on the perception of speech for young HI children who are developing speech and language skills. Consistent with previous findings from studies with adults, results suggest that the form of NR used in this study does not seem to have a negative effect on the overall perception of nonsense syllables, words, or sentences across the age range (5 to 10 yrs) and SNRs (0, ϩ5, and ϩ10 dB) tested. Further studies are needed to assess the effects of NR at younger ages, to investigate the effects of NR for children with greater degrees of hearing loss, and to determine whether NR can decrease listening effort in children with hearing loss.
